Abstract: Genome size (C value, the haploid DNA content of the nucleus) varies widely among eukaryotes, increasing through duplication or insertion of transposable elements and decreasing through deletions. Here, we investigate relationships between genome size and life-history attributes potentially related to fitness, including body mass, brain mass, gestation time, age at sexual maturity, and longevity, in 42 species of primates. Using multivariate and phylogenetically informed analyses, we show that genome size is unrelated to any of these traits. Genome size exhibits little variation within primates and its evolution does not appear to be correlated with changes in life-history traits. This further indicates that the phenotypic consequences of variation in genome size are dependent on the particular biology of the group in question.
Introduction
Genome size (C value, picograms of DNA per haploid genome) varies more than 200 000 fold among eukaryotes and 3000 fold among animals. Most eukaryotic DNA is noncoding, which implies that a large genome does not imply a large number of genes (Gregory 2004) . The existence of large quantities of noncoding DNA raises several questions in relation to effects on the organismal phenotype and to evolutionary origin of variation in genome size, i.e., the "C value enigma" (see Gregory 2001a) . Genome size evolves through a balance between duplication and insertion of transposable elements, which increase C values, and deletions and DNA repair mechanisms, which might decrease the C value or allow it to increase when preventing large deletion errors (Petrov 2001) . The origins and the evolutionary consequences of variation in genome size continue to be debated (Gregory and Hebert 1999; Petrov 2001) . Because genome size and the number of protein-coding genes are unrelated, it has been established that variation in genome size results primarily from variation in the amount of silenced genes (pseudogenes) and selfish parasitic elements (Ohno 1972; Pagel and Johnstone 1992) . Genome size is positively related to cell volume and cell division rate in several groups of organisms (Gregory 2001a) . At high taxonomic levels, the relationships seem to be more complex and highly dependent on the biology of the studied group. Metabolism is important in mammals and birds (Gregory 2002a) , but not in amphibians (Licht and Lowcock 1991; Gregory 2003) , and developmental rate and organ or developmental complexity are relevant in amphibians, but not in mammals and birds (Gregory 2002b) . Here, we investigate the relationship between genome size and body mass, brain mass, and several life-history traits of primates including gestation time, age at sexual maturity, and longevity. We use independent contrasts (Felsenstein 1985) to account for the non-independence of phylogenetically structured data.
Material and methods

Data sources
We obtained mammal genome sizes from the Animal Genome Size Database (Gregory 2001a (Gregory , 2001b at http://www. genomesize. com. Primate life-history traits were obtained from Harvey and Clutton-Brock (1985) . Additional values for maximum life span were obtained from Carey and Judge (2000) and we used the higher of the two when both sources provided values. We used the phylogeny of primates constructed by Purvis (1995) . Altogether, we considered 43 species of primates (Table 1) . For the purpose of conducting a nested analysis of variance based on taxonomic rank, we used the taxonomic arrangement of Fleagle (1999) .
Data for Macaca arctoides were excluded because several life-history values were missing for this species. For other species, 3 values were missing for brain mass, 4 for age at sexual maturity, and 1 for life span. We replaced the missing values with dummy variables estimated from the available data by regression, using the independent variable explaining the largest amount of the variation in the dependent variable, beginning with brain mass, and continuing with age at sexual maturity, and life span, in that order. The equations for estimating the dummy variables were as follows (all variables log 10 transformed): all P < 0.0001. In the data set used in this analysis (N = 42 species), C values exhibited significant kurtosis (5.48) and 3 species had log 10 -transformed C values that were more than 3 standard deviations from the mean of C values for the other 39 species: Callicebus torquatus (-6.14), Cercocebus torquatus (4.56), and Tarsius syrichta (5.80). These outlying values were deleted in some analyses (kurtosis = 0.85, NS) to check the robustness of relationships. Unless otherwise noted, these outliers did not influence the relationships, or the absence of relationships, observed in this study.
Comparative analyses
Because species share varying degrees of evolutionary history, trait values for species are not fully independent and this can inflate the degrees of freedom used in statistical tests (Felsenstein 1985; Harvey and Pagel 1991) . When variation resides at a low taxonomic level, i.e., when trait values vary primarily between closely related species, traits are evolutionarily labile and shared evolutionary history presents relatively little problem. In this case, one is justified in using species values. When variation resides at a high taxonomic level, traits are evolutionarily conservative and species tend to inherit their trait values from their ancestors. In this case, shared evolutionary history becomes an important consideration in comparative analysis and phylogenetically informed approaches should be used to analyse relationships among variables (see below).
We used random effects nested analysis of variance (SAS Proc Nested) to estimate the variance in traits at the levels of families within the order Primates, genera within families, and species within genera. As reported in the results section below, variation in genome size resides primarily at the level of genera within families, but other life-history traits are more conservative, with most of the variation being expressed among families. Thus, we conducted analyses of both species data and phylogenetically independent contrasts, which partition variation into evolutionarily independent sections of the phylogenetic tree (see below). When results from these approaches do not conflict, we can be more confident of conclusions from the analyses, whereas a conflict between both approaches may suggest phylogenetic inertia.
We used correlation analysis (SAS Proc Corr) and factor analysis (SAS Proc Factor) based on correlation matrices to examine the overall patterns of relationship of genome size to other life-history traits. We used multiple regression (SAS Proc GLM) to test the hypothesis that development time (gestation period, age at maturity) and life span are directly related to genome size when the effects of body mass (and brain mass) on development time and life span are accounted for. We also used stepwise regression (SAS Proc Stepwise) to determine the best predictive equation for genome size based on the life-history variables included in this analysis.
All variables were log 10 transformed to produce more nearly normal distributions of the data and to make the variances more similar. All statistical analyses were carried out with SAS software, version 8.01 (SAS Institute Inc., Cary, N.C.).
Phylogenetically independent contrasts
We calculated phylogenetically independent contrasts (PIC, Felsenstein 1985) to account for shared evolutionary history in the diversification of species traits (Harvey and Pagel 1991; Garland et al. 1992) . Contrasts for a particular node in a phylogenetic tree are calculated as the difference between log-transformed values for the immediately descendant nodes or terminal taxa, and thus estimate evolution over a unique pair of branches. Each contrast is independent of all others. Nodal values are the means of the descendant species in the clade defined by a node, weighted by the branching arrangement within the clade (Harvey and Pagel 1991) . We used the CAIC computer program (Purvis and Rambaut 1995) for independent contrast analyses. All regressions between contrasts were forced through the origin (Garland et al. 1992) . To verify that contrasts were properly standardized we used CAIC to test whether the standard deviations of standardized contrasts were independent of their absolute values (Garland et al. 1992) . We note that the calculation of contrasts potentially introduces additional sources of variation and bias owing to the estimation of nodal values from species data on an imperfectly known phylogenetic tree (Ricklefs and Stark 1996; Price 1997) .
Results
The standard deviations of genome size and each of the life history traits, as well as the distribution of their variation at the level of species, genus, and family, are presented in Table 2 . Variation among species was greatest in body and brain mass (SD equivalent to factors of 5.0 and 4.1, respectively), intermediate for gestation period (1.30), age at maturity (1.97), and life span (1.53), and least for genome size (1.14). Most of the relatively small amount of variation in genome size resided at the level of genera within families, whereas that of the other life history traits resided primarily at the level of families within the order Primates. Variance in life span was more evenly spread among the taxonomic levels; however, this trait is poorly estimated and much of the variation at lower taxonomic levels undoubtedly represents measurement error. Relatively few genera were represented in the dataset by more than one species (Hylobates, 2; Eulemur, 3; Macaca, 6), so the estimate of variation among species within genera was based on a small sample. The distribution of most of the variance in life-history traits at high taxonomic levels indicates that phylogenetically independent contrasts are most appropriate for these data. However, the mismatch in the distribution of the variance in genome size compared with that in other life-history traits suggests that one should not expect close coevolution among these traits. Product-moment (Pearson) correlations of genome size with other life-history traits at each level in the taxonomic hierarchy are presented in Table 3 . The only significant correlation in the table was the relationship between genome size and body mass at the level of species within genera (P < 0.01). This relationship is driven by the correlation within the genus Macaca (r = 0.883, P = 0.020, N = 6). No other correlations were significant (all P > 0.28).
To further explore the relationship among the variables, we subjected the correlation matrix of the log-transformed trait variables to a factor analysis, which constructs derived, orthogonal, uncorrelated axes (equivalent to principal components) that are linear combinations of the original variables. The axes are normalized by the standard deviations of the variables and the total variance in the dataset is equal to the number of variables (N = 6). The eigenvalues of the first two axes (4.10 and 1.05) represented 85.7% of the total variance. The factor pattern in Table 4 represents the correlation of each original variable with the first two derived axes, or factors. The factor analysis shows that the life-history variables are highly intercorrelated, but also that they are independent of genome size. A varimax factor rotation (not shown), which maximizes the contrast in the distribution of variance among the first n factors, did not alter this pattern. The factor analysis also suggests that most of the variation in primate life histories is associated with body size and that orthogonal variation in development time, time to maturity, and life span is minimal.
To test the hypothesis that development time is influenced by genome size, when the effect of body mass is factored out, we performed multiple regressions, relating gestation period, age at sexual maturity, and life span to body mass, brain mass, and genome size. C value was not a significant effect for any of the dependent time-related variables P > 0.25 for all).
We performed a stepwise multiple regression of genome size on the other variables to determine if genome size can be predicted by some combination of primate traits. We found that genome size is significantly related (F 2,39 = 5.3, P = 0.009, R 2 = 0.215) to body mass (slope of the regression, b = -0.102 ± 0.031 SE, F = 10.7, P = 0.0023) and brain mass (b = 0.108 ± 0.036 SE, F = 9.24, P = 0.0042). When 3 outlying values for genome size were deleted from the analysis, stepwise regression revealed no significant relationships between genome size and the independent variables.
Independent contrasts
Independent contrasts were calculated for 29 nodes in the phylogenetic tree relating the primate species in this analysis. The correlation of contrasts for genome size with con- trasts for the other life-history variables revealed significant negative relationships with product-moment (Pearson) correlations between genome size and body mass and brain mass (Table 5 ). However, Spearman rank correlations were not significant for any of the life-history variables (all P > 0.38), suggesting that the significant Pearson correlations were driven by outliers. When two outlier values (>3 standard deviations from the mean) for contrasts for C values were removed, none of the Pearson correlations, or any of the Spearman correlations, was significant.
Discussion
Recent studies have attempted to clarify the respective roles of natural selection and stochastic changes in genome evolution (Gregory 2002a (Gregory , 2002b (Gregory , 2004 ). It appears that genome size is related to cell volume and cell division in the 5 classes of vertebrates (Gregory 2001a (Gregory , 2001b . However, the organism-level expression of these cytological effects vary among groups with differing metabolic and developmental characteristics (Gregory 2002a (Gregory , 2003 .
If genome size influenced such important features of an organism as cell development rate and metabolic rate, this would have fitness consequences for the organism and presumably would constrain the evolution of genome size. Accordingly, one would expect genome size to be related to variation in life-history traits among species. In support of Gregory's (2002b) analysis of genome size and development time in birds and mammals, we have failed to produce compelling results to support a relationship between genome size and several life-history traits in primates. Most of the variation in genome size among primates was concentrated at the taxonomic level of genera within families. Although variation among species within genera was low, this is a consequence of the fact that most of the genera were represented by single species. Thus, some of the variation in genome size among primates expressed at the level of genera within families might actually reside at the level of differences among species within genera. This raises the possibility that some of the variation in genome size might be measurement error, thereby reducing the biologically interesting variation in genome size among primates even further than it is already.
The Animal Genome Size Database maintained by T.R. The database has multiple values for many species, and so it is possible to examine the distribution of variation, including the within-species (repeatability or measurement error) component. In this analysis the variation is distributed as follows: families within Primates (18.2%, 9 degrees of freedom (DF)), genera within families (36.0%, 26 DF), species within genera (0.0%, 35 DF), and measurements within species (45.8%, 40 DF). Thus, a substantial part of the variation in genome size at the species level is measurement error (or, less likely but still possibly, real intraspecific variation); variation among species within genera is not associated with an additional component of the variance. Thus, the biologically meaningful variation in genome size in primates is no more than 54% of the total (equivalent to a standard deviation of 0.048, or ±~12%), about two thirds of which resides at the level of genera within families and one third at the level of families within the order Primates.
The reason that genome size may be unrelated to life history evolution in primates is its low variability. Outside of the outliers for C values in our dataset (though not necessarily among all primates), the range of genome sizes among 42 species of primates was only 3.08 (Hylobates lar) to 4.32 (Nasalis larvatus), a factor of about 1.4. To fully appreciate the narrowness of this range, it can be compared with that of body size, which varied from 0.084 kg in Microcebus murinus to 93 kg in Gorilla gorilla, a factor of more than 1000. By comparison with some other orders of vertebrates, genome sizes in salamanders (order Urodela) vary between 14 pg in Desmognatuis wrighti to 120 pg in Necturus spp. (9 fold) and genome sizes in frogs (order Anura) vary between 0.95 pg in Limnodynastes ornatus to 11.5 pg in Bombina bombina (12 fold). Evidently, considerable variation in body mass and associated life-history traits can occur within a clade of mammals with little change in genome size (Gregory 2002b) . It is also relevant that most of the variation in primate life-history traits resides at the level of families within the order Primates. The one exception to this is life span, which is so poorly estimated in many species that much of the variation at lower taxonomic levels may actually represent measurement error. With a serious mismatch in the levels at which variation in genome size and life- history traits are expressed, a close connection between their evolution and certainly strong statistical relationships between these traits seems unlikely. Recent studies have challenged some ideas about genome size evolution. For example, a relationship between genome size and longevity in birds was proposed by Monaghan and Metcalfe (2000) in a family-level analysis, but rejected by Ricklefs and Scheuerlein (2001) in a species-level analysis using a measure of actuarial senescence (the Weibull aging parameter), by Morand and Ricklefs (2001) in an independent contrasts analysis of species-level data of maximum life span, and by Gregory (2002a) in an analysis using Pearson correlations performed independently at the species, genus, family, and order levels on species values for maximum life span. Furthermore, Gregory (2002b) showed that the dataset of Monaghan and Metcalfe was not reliable. Gregory (2002b) also emphasized that relationships of genome size to life-history traits vary among groups. For example, although genome size varies in relation to body mass in mammals as a whole, it does not in Primates, as we have found in this study, and in several other orders of mammals.
Metabolic rate correlates with genome size in birds and mammals in relation with erythrocyte size (Vinogradov 1995; Gregory 2002a) , which suggests that the effect of the surface-to-volume ratio of erythrocytes on gas exchange translates to the organism level in endotherms. The fact that genome size varies so little in primates confirms that lifehistory traits, which exhibit much greater variation, are not influenced by C value in this group, although they are in others such as amphibians. It also suggests that additional constraints may regulate genome size and that metabolism likely plays a role.
It would be helpful at this point to have a better understanding of the direct implications of genome size for cellular processes so that we can determine the mechanisms by which genome size influences individual fitness and how these influences might constrain life history evolution (Gregory 2001a) .
